is study reports a green synthesis route for a bilayered Ag-MgO nanocomposite using aqueous peel extract of Citrus paradisi (grapefruit red) under an accelerated uniform heating technique and its antibacterial potency against Escherichia coli. Surface modifications and composition of the nanocomposite were examined using a UV-visible spectrophotometer, transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, and scanning electron microscopy (SEM) equipped with an energy dispersive X-ray (EDX) analyzer. e efficiencies of the as-synthesized Ag-MgO nanocomposite against Escherichia coli were examined. e synthesized Ag-MgO nanocomposite showed characteristic synergetic bands at 290 nm for MgO nanoparticle and at around 440 nm for Ag nanoparticle which blue-shifted to 380 nm in the composite. A spherically dispersed nanocomposite with cubical crystal lattice network with a diameter of about 20-100 nm comprising Ag nanoparticle embedded within MgO nanoparticles was obtained. e nanocomposite produced stronger antibacterial activity against Escherichia coli as compared to MgO nanoparticle, indicating a higher interaction between Ag and MgO ions. e nanocomposite was successfully synthesized via an efficient modified method by bioreductive agents with an improved synergistic antibacterial property towards water purification.
Introduction
Waterborne epidemics associated with high faecal contamination by pathogenic microbes are a worldwide problem.
e treatment of infectious water-related diseases is becoming a threat to human existence because of the increase in some high resistance to the causative microbial agent. e consequence is a potential public health threat due to an epidemic outbreak of diseases often associated with microbiological contamination, resulting in an increasing number of deaths across the globe, mostly among children [1] . Water disinfection through the use of conventional methods such as chlorination and ultraviolet (UV) irradiation is rapidly becoming a major challenge due to the formation of harmful carcinogenic disinfection byproducts (DBPs) [2, 3] . e development of inorganic nanoparticles with improved physicochemical and biological properties from the biosynthesized route is on the rise due to the growing need to develop environmentally benign technologies in material synthesis against infectious organisms. Generally, with the efforts to reduce generated hazardous waste, green synthesis and chemical processes are progressively integrating with modern developments in science and industry [4] . Researchers are exploiting the introduction of eco-friendly materials towards the development of novel improved antibacterial nanomaterials against multidrug-resistant human pathogens like Escherichia coli. E. coli is one of the deadly contaminants in drinking water.
e nontoxicity and environmental compatibility of biosynthesis agents, especially from various plant-derived extracts or components, make them reliable biosynthesis agents for metal and metal oxide nanoparticle synthesis [5] [6] [7] . Among the metallic and metal oxide nanoparticles, silver (Ag) and magnesium oxide (MgO) nanoparticles have been extensively reported to possess broad-spectrum antibacterial activities [8] [9] [10] [11] . Silver nanoparticles are undoubtedly the most widely used inorganic nanoparticles with tremendous applications in the field of highly sensitive biomolecular detection and antibacterial activities [12] [13] [14] . MgO nanoparticles, on the other hand, have recently received greater attention because of their vast applications in biomedical materials, catalysis, and as absorbents [15] [16] [17] . However, based on the antibacterial properties of MgO nanoparticles having less potent bactericidal effect in comparison to silver-based antibacterial agents, efforts are now being channeled into the development of composite materials to exert strong synergistic antibacterial activity against infectious pathogens through chemical methods [9, 18, 19] . However, the use of such chemicals in nanosynthesized biomedical materials has been a major concern due to their high cost, toxic nature, and production of noneco-friendly byproducts and nonbiodegradable stabilizing agents posing a danger to the environment and human beings [20] [21] [22] .
To address this shortcoming, successive biosynthetic approaches using plants extracts have been explored and reported [23, 24] . e plant-based approaches have many advantages over chemical methods. According to previous investigations, the polyol components and the water-soluble heterocyclic components in these plants play a significant role in the reduction of metallic ions. ey have proven to be effective capping and stabilizing agents for the nanoparticles with widespread technological and medicinal applications [25] [26] [27] . Silver and magnesium oxide nanoparticles have been synthesized using various plant extracts. e use of the extract of different biodiversity plants has been extensively reported and reviewed for silver nanoparticles [8] . Furthermore, MgO nanoparticles have been successfully synthesized through different plant species extract including Swertia chirayita leaf extract [16] , Clitoria ternatea [28] , and Emblica officinalis fruit extracts [29] .
e peel of some fruits contains considerable amounts of minerals and vitamins, especially in citrus fruits. Previous studies have shown the presence of higher contents of phenolic, flavonoids, as well as other valuable secondary plant metabolites and essential oils in fruit peels than in other segments of citrus [30] [31] [32] .
ese metabolites are reported to account for various bioactivities including antibacterial and antioxidant properties [33, 34] . In addition to the eco-friendly application of these components in synthesizing nanoparticles, efforts are now focusing on identifying different novel energy transfer-assisted methods, such as microwave [35] and ultrasound [36] , capable of providing efficient, uniform heating distribution in the formation of a stable and sustainable biomedical nanocomposite materials with improved physicochemical properties.
In this present study, Citrus paradisi (grapefruit red) peel extracts were used via an efficient heating medium towards its bioreducing, stabilizing, and capping ability in the formation of Ag-MgO nanocomposites. A detailed formation, characterization, and E. coli inactivation of the Ag-MgO nanocomposites were evaluated and reported. e novelty of this work is based on the fact that, to the best our knowledge, the use of aqueous C. paradisi peel extracts in biosynthesizing Ag-MgO and testing of its antibacterial activity have not been reported.
Materials and Methods
All chemicals were of analytical reagent grade. Mg (NO 3 ) 2 ·6H 2 O, AgNO 3 , NaOH, and other chemicals used were purchased from Rochelle chemicals, South Africa, and used directly without further purification. Deionized water from Millipore (18.2 MΩ/cm) was used for the preparation and dilution of standards throughout the experiment.
Preparation of Citrus paradisi Peel Extracts.
e fruit peels of Citrus paradisi (grapefruit red) were removed, cleaned thoroughly using ultrapure water (18.2 MΩ/cm) to remove any dust particles adhering to the surface, and cut into small pieces. 30 g of the peel was added to 100 mL of ultrapure water and boiled for 20 minutes at 70°C. e extract was cooled and filtered through Whatman no. 1 filter paper and stored at 4°C for further use.
Microwave-Assisted Synthesis of Silver Nanoparticles
Using Citrus paradisi Peel Extract. Biosynthesized Silver nanoparticles (AgNps) were first obtained via the microwave-assisted sol-gel method. In a typical experiment, 40 mL of the filtrate of the citrus peel was added to 60 mL of 1 mM silver nitrate (AgNO 3 ) in 250 mL Erlenmeyer flasks at the ratio of 2 : 3 v/v for the reduction of Ag + to Ag 0 . e mixture was then placed on a turntable domestic microwave oven (Russell Hobbs 20L (RHEM 21L)) operating at a power of 700 W and frequency of 2450 MHz at different time intervals of 30, 60, 90, 120, and 150 seconds for complete bioreduction. e formation of silver nanoparticles (AgNps) was monitored using UV-Vis Spectrophotometer over the wavelength range of 220-600 nm. Time-resolved absorption spectra of the UV-Vis spectroscopy were used in monitoring the periodic bioprocess growth kinetics of AgNps through color variation. e synthesized nanoparticle was used in subsequent experiments.
Synthesis of Ag-MgO
Nanocomposite. Ag-MgO nanoparticles were synthesized by seed growth via the bioreduction route by the precipitation method at room temperature using a natural mild reducing agent (aqueous Citrus paradisi peel extracts) in the presence of the metallic precursors. 0.1 M·Mg(NO 3 ) 2 ·6H 2 O and 1×10 −3 M AgNO 3 were used as the precursors of MgO and Ag, respectively.
In a typical experimental procedure, the Ag-MgO composite was obtained from an already optimized microwave-assisted aqueous mixture of C. paradisi peel extracts (1 mM·AgNO 3 (2 : 3 v/v%)). 80 ml of this solution was mixed with 20 mL 0.1 M·Mg(NO 3 ) 2 ·6H 2 O under continuous stirring (2 h) at room temperature with 2 mL of 0.1 M·NaOH solution added dropwise until a complete precipitation was achieved.
e composite solution was thereafter subjected to ultrasonic irradiation controlled at 100% amplitude (0.5 cycles) for 30 min. e product obtained was centrifuged (4500 rpm) for 30 min, filtered, and freeze-dried.
Physicochemical and Mineralogical Characterization of Synthesized Nanocomposite.
e synthesized Ag and AgMgO nanomaterials absorption range was monitored using UV-visible spectrophotometer (SPECTROstar Nano/BMG LABTECH). Surface morphology of the nanoparticles was characterized using SEM (FEI Nova NanoSEM 230) with the field-emission gun equipped with an Oxford X-Max SDD detector operating at an accelerating voltage of 20 Kv for the EDS detector (Oxford X-Max with INCA software). e ALPHA FT-IR spectrophotometer from Bruker was used to obtain the FTIR spectra (4000-400 cm −1 ). e crystalline phases present in the materials were identified by X-ray diffraction (X'Pert Pro; Cu-K radiation; wavelength 1.54443Å).
e transmission electron microscopy (TEM) image was taken using an FEI Tecnai 20 equipped with a LaB6 emitter, operating at 200 KV and fitted with a Gatan Tridiem GIF with a 2K×2K CCD camera. Images were collected using the digital micrograph suite of programs in relation to size and shape.
Antibacterial Evaluation of the Crude Extract and Nanomaterials.
e bacterial resistance of the biosynthesized Ag-MgO nanocomposite, Ag, and MgO was determined from the observed zone of inhibition (mm) using the standard agar well disc diffusion methods (Kirby-Bauer disk diffusion test) and microdilution assay.
e indicator strain used is Escherichia coli (ATCC 35218). Bacterial suspensions were prepared with the turbidity of 0.5 McFarland. 50 μL (1 mg/mL) of Ag, MgO, and Ag-MgO solution was impregnated on a cellulose nitrate sterile filter paper (pore size 0.45 μm) and allowed to dry at room temperature for 3 h and placed on MacConkey nutrient agar plates already inoculated with the bacterial cell suspension. e plates were incubated at 37°C for 24 h, and the diameter of the zone of growth inhibition around the sample was measured in millimeters (mm) and compared. e measured zones of inhibition were used to determine the antibacterial activities of the nanocomposite. Minimum inhibitory concentration (MIC) of biosynthesized Ag, MgO, and Ag-MgO was also determined using the microtiter broth-dilution method as described by Samie et al. [37] .
Release of Silver and Magnesium Ions.
To determine the release of silver and magnesium ions in solution, 1 mg/ml of the biosynthesized Ag-MgO was left to stand at room temperature for 3 h. At different time intervals, the suspension was collected and filtered through a membrane filter (pore size 0.45 μm (47 mm)). e concentrations of AgMg ions in the filtrate (20 μL) were measured on PinAAcle 900T Atomic Absorption Spectrometer (AAS, PerkinElmer, Inc.).
Results and Discussion

Physicochemical and Mineralogical Characterization of
Ag-MgO Nanocomposite 3.1.1. UV-Visible Analysis. Figures 1 and 2 show UV-visible absorbance spectra for the Ag nanoparticle and Ag-MgO nanocomposite. e successful bioreduction formation of AgNps by aqueous extract of C. paradisi peel extracts at a mixing ratio of 2 : 3 by volume at different time intervals ranging between 0-150 s under microwave irradiation is indicated by a change in the color of the reaction solution from light yellow to dark brown ( Figure 1 ). AgNps were observed at intervals of 0-150 s with a characteristic surface plasmon vibration band ranging between 410 and 440 nm appearing at approximately 30 s of the reaction nucleation and onset of growth. e absorption peak intensity gradually increases with the increase of irradiation time with some overlapping plasmon bands with the formation of more AgNps evidently the same sizes which may be due to the stabilizing effect of the C. paradisi peel extract biomolecule.
e intensity of the peaks indicated that C. paradisi peel extracts enhanced the bioreduction process of Ag + with the continual formation of AgNps up to 150 s with little variation in the absorption maxima. In general, the morphology of the nanoparticles is greatly influenced by the surface plasmon resonance, due to the mutual vibration of electrons of metal nanoparticles in resonance with light wave serving as the basis for measuring adsorption of the material onto the surface of metal nanoparticles [38, 39] . Furthermore, the use of microwaves is vital in the development of this nanoparticle because it is eco-friendly in nature and provides rapid and even heating of the reaction medium, thus offering uniform nucleation and growth conditions for nanoparticles within the short reaction time unlike the traditional external heating methods [40] . Figure 2 depicts an absorption spectrum of the synthesized biogenic Ag-MgO nanocomposite. As shown in the spectrum, two different distinct peaks were observed. A prominent intense band is observed in the low-UV region at 290 nm typical of MgO together with a broad band at 378 nm associated with AgNPs. It is observed that the incorporation of MgO onto the Ag layer resulted in a blue shift in the peak of AgNps from 440 nm to 378 nm. is shifting is attributed to its particle size, which depends on nucleation and growth mechanism based on the excitation of plasmon resonance or interband transition, particularly on the size effect [13] . is clearly indicates the reduction in the particle size resulting from the optical property of biomolecular capped Ag-MgO nanocomposite. Furthermore, the sizes of the composites were affected upon ultrasound exposure due to the cavitational collapse phenomenon resulting in an interparticle collision, thus affecting the physicochemical properties of the composite in relation to the incident frequency of the sonicator [41, 42] . It can be established that the availability and impacts of the phytochemicals in C. paradisi peel extracts were responsible for the rate of bioreduction leading to the formation of the composites.
FTIR Analysis.
e functional groups of the various metabolites present in the C. paradisi peel extract responsible for the bioreduction, capping, and stabilizing of the Ag-MgO nanocomposite were identi ed between 4000 and 500 cm −1 of the FTIR region. Figure 3 shows the comparative FTIR spectra of as-synthesized Ag(CPAgNp) and Ag-MgO(CPAgMgO) from the aqueous C. paradisi peel extract. In the CPAgNp spectrum, a strong band centred at around 3282 cm −1 resulting from the stretching vibrations of the hydroxyl (-OH), N-H stretch of various metabolites present in the peel extract in the form of alcohol and N-H stretch of 1°and 2°amines or amides, carboxylic acid, ester, and ether [39] . ese peaks shifted to a higher and broader frequency range of 3440-3200 cm −1 in intensity on binding with MgO in CPAgMgO nanocomposite. e sharp peaks observed at 2915 cm −1 and 2849 cm −1 in CPAgNps which disappeared in the CPAgMgO spectrum could be assigned to the symmetric and asymmetric C-H stretching vibrations of methyl, methylene, and methoxy groups [43, 44] . e presence of C O is found in both spectrums at 1734 cm −1 and 1625 cm −1 for CPAgNps which shifted to 1626 cm −1 in the composite. is may be attributed to the presence of carboxylate ion and an amide group. In both spectra, different characteristic sharp peaks were also observed between 1538 and 1377 cm −1 which may be assigned to the -C C in the aromatic rings, asymmetric stretching (C-N) mode in addition to the bending vibrations of the methyl and methylene groups of fatty acids.
e C-O-C, C-C, and carboxylic group (C-O) stretching vibrations were identi ed Journal of Nanotechnology at 1238, 1156, and 1032 cm −1 bands, respectively. e absorption peaks in the region between 487-677 cm −1 are attributed to Mg-O-Mg compounds [45, 46] , and from the spectrum of CPAgMgO, it shows Mg-O-Mg deformation of the Mg-O absorption band at 540 cm −1 [47] . e presence and interaction of the above bands in C. paradisi peel extracts indicate that the bioactive compounds were presumed to act as reducing, capping, and stabilizing agents for the biosynthesized Ag-MgO nanocomposite.
Surface Morphology.
e resulting morphological characteristic images (SEM and TEM) with associated EDAX spectra for the biosynthesized Ag and Ag-MgO nanomaterials using the peel extract of C. paradisi are shown in Figures 4 and 5 . e SEM micrograph of AgNps (Figure 4(a) ) shows well spherically and uniformly dispersed nanoparticles, whereas the Ag-MgO composite nanoparticles image (Figure 4(b) ) displayed an agglomeration of layered clustered particles. It is polydispersed and crystalline in nature.
e corresponding elemental compositions suggesting the formation of the AgNps and Ag-MgO nanocomposite are depicted in Figures 4(b) and 4(d), respectively. e observed agglomeration in the composite may be due to higher amounts of organic moieties acting as the capping and stabilizing agent in the biomass of the C. paradisi peel extracts. In addition, the polarity and electrostatic attraction of the attached MgO nanoparticles in the composite may also result in the aggregation [48] . Figure 5 shows the morphology, shape, and particle size distribution of the biosynthesized AgNPs and Ag-MgO nanomaterial through the TEM micrograph.
e TEM images (Figures 5(a)-5(c) ) of C. paradisi peel extractmediated synthesized AgNps and Ag-MgO composite clearly show that the particles are uniformly dispersed and mostly spherical in shape with a particle size of 14.84 nm and 11.92 nm, respectively. Figures 5(b) and 5(c) revealed the stabilization and distribution of the embedded-layered coreshell interaction between the Ag and MgO in the biosynthesized composite.
e spherical shaped appearance and the sizes are well in line with the shape of the UV-visible plasmon resonance band established during the cavitation process at high intensities of exposure resulting in the conversion of larger particle sizes to smaller sizes. e images from the di erent scale bars (Figures 5(b) and (c) ) clearly show the embedment of the bilateral core-shell interaction.
XRD Pattern.
e X-ray di raction patterns of AgMgO nanocomposite, MgO, and Ag nanoparticles Journal of Nanotechnology 5 synthesized using aqueous C. paradisi peel extracts over a range of 20-80°using Cu-K radiation with their corresponding peak lists are shown in Figure 6 . e nanocomposite material showed major predominant consistent re ection peaks at 2θ values between the range (20-80°) di erently indexed to {111}, {200}, {202}, {311}, and {222} assigned to cubical crystal planes of Ag (reference code: 96-901-2962), together with an extended re ection labelled pattern {420} associated with the cubical system phase of MgO (reference code: 96-901-3264) which shifted to a higher prominent 2θ value deposited on Ag-MgO plane lattice interaction. Silver-magnesium (0.8/0.2) planer lattice (reference code: 96-150-9046) was also detected, thus providing con rmation of the composite nature of the material with a cubical crystal lattice network. Journal of Nanotechnology
Antibacterial Activity.
e agar well di usion and minimum inhibitory concentration experiments were conducted on MgO nanoparticle and Ag-MgO nanocomposite to perform a qualitative antimicrobial screening. Clear inhibition zones of varying diameters appeared against the Gram-negative bacteria Escherichia coli from both nanoparticles with Ag-MgO showing a wider antibacterial activity on the bacterial strain as shown in Figure 7 . Ag-MgO composite exhibited a higher level of antibacterial potential on E. coli with 22 mm zone of inhibition in comparison with the Ag and MgO nanoparticle (Table 1 ). In addition to visual readings from the agar well, the viability of E. coli was subjected to di erent concentrations of the nanocomposite. As shown in Table 1 , minimum inhibitory concentration (MIC) values of 80, 40, and 20 μg/mL was recorded for MgO, Ag, and Ag-MgO, respectively. e lowest concentration at which the composite showed growth inhibition was recorded as the minimum inhibitory concentration. Studies have shown that the toxicity e ects at di erent MIC values depend on the type of bacterial strains, precursor concentration, methods of preparation, and capping agents [49] [50] [51] .
Although the inactivation mechanism of action of nanoparticles against microbes has been a major debate, studies have shown that bacterial inactivation appears to be driven by the toxicity of release of metal ions as well as the generation of intracellular reactive oxygen species (ROS) upon exposure of the bacterial cells to such nanomaterials amongst other factors [52] [53] [54] [55] . Consequently, antimicrobial potency of any material will depend on the ability to disrupt the microbial cell membrane damaging its membrane properties, permeability, and the collapsing of its respiratory functions resulting in the cell death [29] .
As illustrated in Figure 8 , the time-dependent releases of metal ions from C. paradisi peel extracts biosynthesized AgMgO nanocomposite were examined. Both Ag and Mg ions release were a ected by time and rate of dissolution; metal ions release increases as the time progresses (Figure 8 ). Although the release of Mg ions is in higher concentration than the Ag ion throughout the process, both concentrations at the highest time interval (Ag ion (2.7 ppb) and Mg ions (1027 ppb)) are lower than the observed minimum inhibitory concentration (MIC) ( Table 1) . ese results suggested that the MIC value does not correlate with the mode of action of the antimicrobial activity of the Ag-MgO composite and the release of these metal ions against Escherichia coli. Consequently, there is a possibility that the bacterial susceptibility of this Ag-MgO nanocomposite does not only rely on the interaction of metal ions with the cell wall structures of Gramnegative bacteria genome but are also dependent on the solution pH, cellular enzymes, and biochemical events in producing intracellular reactive oxygen species (ROS) from the composite surface [15, 56, 57] . Furthermore, other factors that may be associated with microbial cell death by this nanocomposite could be attributed to its size, structure, and surface properties of the composite since smaller particles with larger surface area possess the a nity for interaction, giving more bactericidal e ect than the larger particles [15, 58] . Moreover, the Ag-MgO nanocomposite antibacterial activity may also depend on the reducing and capping agents used in the synthesis route [59] . erefore, the C. paradisi peel extracts used in the synthesis of Ag-MgO may have contributed to the antimicrobial activity due to the di erent functional phytochemical species in the peel segment, which account for the bioactivity [32, 60] .
Conclusion
is study integrates biomediated microwave and ultrasonic simple and rapid synthetic methods using an aqueous peel extract of the Citrus paradisi fruit as the reducing, capping, and stabilizing agent for synthesis of Ag-MgO nanocomposite. e presence of the phytochemicals in the extract was responsible for the rate of bioreduction leading to the formation of the composites, thus serving as an alternative to the chemical and physical synthesis route. Surface plasmon resonance nucleation growth of AgNps was observed at 410 and 440 nm upon microwave exposure, which shifted to 378 nm band upon integrating with MgO shell, which displayed an absorption band at 290 nm, confirming the presence of a bilayered Ag-MgO core-shell synergy. Surface modifications and composition of the nanocomposite showed a spherical and uniformly distributed nanocomposite with an average crystalline size of 11.92 nm. e biosynthesized Ag-MgO nanocomposite exhibited an enhanced antibacterial activity than MgO nanoparticles, proving to be a potential material against common pathogens in water treatment.
Data Availability
e data used to support the findings of this study have not been made available because of the collaboration agreements covering the research.
Conflicts of Interest
e authors declare no conflicts of interest.
